Abstract: This paper presents a novel readout system for wireless passive pressure sensors based on the inductively coupled inductor and cavity (LC) resonant circuits. The proposed system consists of a reader antenna inductively coupled to the sensor circuit, a readout circuit, and a personal computer (PC) post processing unit. The readout circuit generates a voltage signal representing the sensor's capacitance. The frequency of the reader antenna driving signal is a constant, which is equal to the sensor's resonant frequency at zero pressure. Based on mechanical and electrical modeling, the pressure sensor design based on the high temperature co-fired ceramic (HTCC) technology is conducted and discussed. The functionality and accuracy of the readout system are tested with a voltage-capacitance measurement system and demonstrated in a realistic pressure measurement environment, so that the overall performance and the feasibility of the readout system are proved.
Introduction
In some harsh environment applications, it is almost impractical to connect the pressure sensitive element to the conditioning electronics by the standard cables to measure the pressure, for example, in the automotive or biomedical field when the packages are inside the human body or upon rotating systems, for example in the industrial field when the harsh environment is incompatible with electronics. Therefore, sensors capable of measuring the pressure in harsh environments are needed. Inductor and cavity (LC) resonant sensors can represent valid solutions since they do not require a wiring liking and power supply. The sensors are composed of a capacitance cavity which is sensitive to the external pressure and a planar spiral inductor which is connected to the capacitance to form an LC resonant circuit, and they have been widely used in many applications [1] [2] [3] [4] .
Some measurement methods about the capacitance change in the LC pressure sensors were reported. As an example, impedance or network analyzers are used as readout devices for the resonance sensors [5, 6] . Although these devices are accurate and adaptable, they are expensive and bulky, in addition, they restrict the use of this measurement method outside the laboratory environment. Other options are devices that sweep over the frequency range, measuring the impedance amplitude, phase, real part, and imaginary part [7] [8] [9] . Some researchers have proposed a readout system which is based on coherent demodulation for mapping the input impedance seen from the reader antenna side to a direct current (DC) output voltage in order to get the sensor resonance frequency [10] . In a humidity measurement application, Marioli et al. have demonstrated a measurement distance compensation for determining the capacitance in the inductively coupled resonance sensor [11] . Due to the resonance frequency of the resonant sensor changes within a certain range, the testing methods which are based on measuring the resonance frequency all need to provide the linear or exponential sweep frequency analog signal source, and the frequency response performance of the testing system is greatly reduced in a frequency sweep cycle, then affects the testing results. At the same time, the measurement accuracy also heavily depends on the output precision of the signal source and the sampling rate of the readout circuit. In this paper, a novel readout system for the wireless passive pressure sensor capable of operating in harsh environments for pressure monitoring is proposed. The frequency of the reader antenna driving signal needed in the readout system is a certain value which is equal to the sensor's resonant frequency at zero pressure, and the pressure information contained in the sensor's capacitance is detected by the readout system circuit and then transmitted to computer. A wireless passive pressure sensor based on the high temperature co-fired ceramic (HTCC) technology is realized, and the variation of the sensor's capacitance caused by the pressure applied is detected by a designed wireless pressure sensing system. This system realizes the test of the sensor without the network analyzer or network analyzer, and all could contribute to the integration and promotion of the wireless passive pressure sensors.
Sensor design and analysis
The remote powering and wireless interrogation is obtained through an inductively powered system. As shown in Fig. 1 , an inductive link between the sensor's inductor and the reader antenna is used to power the LC passive pressure sensor, therefore, allowing its application where the battery of the sensor cannot be recharged or exchanged. The pressure information in terms of the sensor's capacitance is transmitted into the reader side. When the sensitive capacitor of the LC resonant circuit feels the external pressure, the capacitance varies, which leads to the change in the voltage signal across the terminals of the reader antenna, and the voltage variations in the sensor's response can be detected by the readout circuit. The LC passive pressure sensor, as demonstrated in Fig. 2 , is composed of a ceramic multi-layer capacitor and a plane spiral inductor. The sensor prototype is designed and fabricated based on the HTCC. The structure is stacked in three layers, and the surface of the first ceramic layer is the inductor coil, which is designed as a square spiral type. The capacitor is a parallel plate type with round electrodes. The upper and lower capacitor electrodes are respectively placed on the surface of the first and the third layers. Electrical connection between the capacitor plates and inductor is realized with the electrical lead. Tape layers with the capacitor electrodes act as sensor membranes which react to the pressure. In order to ensure the sensor is completely gastight in harsh environments, the sensor is designed without the evacuation channel and exit hole. The sensor's electromechanical model is presented in Fig. 3 . When the sensitive membranes react to the pressure, the round sensitive membrane has a central deflection d 0 as given in [12] , and the sensor capacitance can be derived using the expression [13] 
where t g stands for the cavity thickness, t m is the thickness of the sensitive membrane, ε 0 and ε r represent the dielectric constant of air and relative dielectric constant, respectively, and C 0 is the capacitance at zero pressure, which is given by [13] Here, a is the radius of the round electrode. Using the Ferro A6 raw ceramic as the basal material and Ferro 3116 silver paste for the silk-screen printing, the sensor sample is completed. The relevant geometrical parameters of the inductor and the capacitor are given in Tables 1 and 2 , respectively. The sensor's theoretical capacitance at zero pressure C 0 is 3.54 pF. The square planar spiral inductance can be derived from the following expression [14] :
where coefficients k 1 =2.34 and k 2 =2.75 are layout dependent, μ 0 is the permeability of vacuum, d avg and ρ are the average diameter and the fill ratio, respectively, which are given by
Then, the resonance frequency of the sensor can be derived from the following expression: 
Readout system

Electrical model and simulation
The proposed readout system consists of a reader antenna, a readout circuit, and a PC post processing unit. The electrical equivalent circuit is illustrated in Fig. 4 . Here, U 1 is a sinusoidal signal (the reader antenna driving signal) with a certain frequency which is equal to the sensor's resonant frequency at zero pressure, R 1 and R 2 indicate the self-resistances of the reader antenna and the sensor's circuit, C 1 and C 2 are the capacitances of the reader's side and the sensor, respectively, and M indicates the mutual inductance of the coupled inductor coils. The following equations can be derived using Kirchhoff's law:
where f is the frequency of the sinusoidal signal, using the substitutions
Equations (7) and (8) can be simplified as 
The amplitude of the sinusoidal signal U 1 is A, when the voltage of the sinusoidal signal is the maximum, the following equation can be derived:
Then, when the voltage of the sinusoidal signal is the maximum, the magnitude of the output voltage
Equations (9), (10) , and (14) show that the output voltage signal is related to the sensor's capacitance C 2 . Figure 5 shows the simulation result using the MATLAB, with the parameter values summarized in Table 3 . It can be seen that the magnitude of the output voltage signal |U m | is the minimum when the sensor's capacitance is 20 pF, where the sensor's resonant frequency is equal to the sinusoidal signal's frequency. The pressure information contained in the sensor's capacitance can be obtained from the output voltage signal. The output voltage signal can be analyzed and processed by the readout circuit and the PC post processing unit to get the sensor's capacitance. 
Instrumentation
The measurement instrumentation (as shown in Fig. 6 ) used in this work includes the readout circuit, the reader antenna, the LC passive pressure sensor, and the sensor dummy. The printed circuit board (PCB) of the designed readout circuit is shown in Fig. 7(b) . The sinusoidal signal with a certain frequency and the output voltage signal across the resistance R ref are multiplied using the G ilbert cell-based mixer AD831, and then a low-pass filter circuit is used to filter the mixer's output signal in a DC output voltage. A fast 16-bit ADC (AD7667) is used to convert the DC output voltage into the digital form.
The readout circuit also contains a microcontroller unit CY7C68013 for communicating with the PC via a USB interface. The PC post-processing software analyzes and processes the digital data, calculates and saves the sensor's capacitance. 
Experiments
A voltage-capacitance measurement system which consisted of the readout instrumentation, pressure sensor dummy, coupling distance testing platform, and computer as shown in Fig. 7 was designed. The readout circuit and the sinusoidal signal source circuit were encapsulated in the readout instrumentation. The reader antenna and the sensor dummy were a certain distance apart without any electric connection, the coupling distance which could be measured by the platform shown in Fig. 7 Experimental tests on the measurement system have been carried out by varying the sensing adjustable capacitance, with the parameter values summarized in Table 3 , and the reader antenna inductor and the sensing inductor were designed identically. Figure 8 shows the measured output voltage of the readout circuit versus the sensing adjustable capacitance using an LC resonator as a sensor dummy inductively coupled to the reader antenna. We can see that the tendency of the measured output voltage is in good accordance with the simulation result. It proves the feasibility of the readout system. The LC passive pressure sensor designed based on the HTCC has been tested as a function of the pressure from 0 bar to 2 bar with the wireless pressure sensing system consisting of the pressure controller, readout instrumentation, pressure vessel, and computer shown in Fig. 9 . The reader antenna and sensor were put into the pressure vessel, where nitrogen gas was pumped through G E PACE 6000 pressure controller to make sure of a controllable uniform pressure condition. The reader antenna was connected to the readout instrumentation through test ports of the pressure vessel. The frequency of sinusoidal signal was set as 32.9 MHz, which was equal to the measured resonant frequency of the sensor at zero pressure. From the measurement results shown in Figs. 10 and 11, it is clear that the measured output voltage of the readout circuit increased as the pressure increased from 0 bar to 2 bars. The tested sensor's capacitance at zero pressure was 3.8 pF, which was 7.34% larger than the theoretical value (3.54 pF). The discrepancy of the sensor's capacitance is mainly caused by the possible factors concluded as following: (1) large cavity dimensions cause the collapse of the membrane, the distance between electrodes become small, finally the capacitance becomes larger; (2) the capacitor electrodes are larger than the cavity. The superfluous parts of the electrodes, which were sandwiched between ceramic layers but not the ceramic layer and vacuum as the overlap parts, distributed a lot to the sensor's capacitance because of the larger dielectric constant of the ceramic compared to the vacuum [15] . Both effects would increase the capacitance. In addition, the measurement results may be influenced by the surrounding environment and the measurement setup. 
Conclusions
In this paper, a novel readout system for wireless passive pressure sensors capable of operating in the harsh environments is presented. An equivalent circuit diagram of the readout system circuit, relying on a voltage variation output, has also been introduced. It is demonstrated that the pressure information contained in the sensor's capacitance can be obtained from the readout system circuit's output voltage signal.
The readout system has been tested by a voltage-capacitance measurement system, and the measured results were in good accordance with the simulation results, which proved the feasibility of the readout system. In addition, a wireless passive pressure sensor designed based on the HTCC was tested in a pressure vessel. The proposed readout system is practical, effective, and the overall performance of it justifies the further studies. In the pressure tested application, the readout system will give an advantage over the earlier systems, because the earlier systems which are based on measuring the resonance frequency all need to provide the linear or exponential sweep frequency analog signal source, and the frequency response performance of the testing system is greatly reduced in a frequency sweep cycle, then affects the testing results. The compact hardware of the readout system can also be utilized in other portable applications, since the developed device can be used instead of the impedance or network analyzers as a readout device for LC resonant sensors. The readout system makes it possible to take the pressure measurements out of the laboratory, which will endorse the development of wireless passive pressure sensors.
